The existence of different mechanisms was first recognized by Cole (1917) . He defined indeterminate layers as species "in which the number of eggs that will be laid depends upon stimuli received after laying has begun.... As a consequence, if the eggs are removed as laid the stimulus does not occur and laying continues beyond the regular clutch to an indefinite number" (p. 505). Species "in which the number of eggs which will be laid in the clutch is definitely determined when laying begins" (p. 504) were defined as determinate layers. Although both mechanisms have now been clearly identified in several species (e.g., Paludan, 1951; Poulsen, 1953 ), Cole's definition raises two problems. First, in both parasitic bird species and megapodes, females have no contact with their clutch. Second, not only does egg removal itself matter, but the presence or absence of an egg in the nest also matters. Contradictory findings were consequently obtained by different authors, especially for Northern Lapwings (Vanellus vanellus) (Laven, 1940a; Rinkel, 1940 ; H. Klomp, 1951) and House Sparrows (Passer domesticus) (see Anderson, 1989) .
Another definition, more closely related to physiological considerations, has been put forward by Paludan (1951) . Following his detailed work on egg laying in gulls, Paludan defined indeterminate layers as species in which the number of rapidly growing follicles is greater than the clutch size normally laid, whereas in determinate layers, this number is equal to the clutch size. But this definition also has problems, because penguins, which produce a limited number of ovulable follicles as expected from a determinate layer, respond to tactile contact with the first egg by reducing the number of rapidly growing follicles that are ovulated, as do indeterminate layers (Gwynn, 1953; Sladen, 1958; Taylor, 1962; Astheimer and Grau, 1985) .
A better understanding of the factors controlling clutch size is needed to define further the concepts of determinate and indeterminate layers. Here, I first review the basic physiology of egg formation, and then examine various taxa that are of special interest with regard to those concepts. I define seven categories of layers based upon these studies and propose a classification of the species that have been tested for determinate or indeterminate laying. Finally, I discuss the endocrine control of clutch size and consider the evolution of determinate and indeterminate laying.
In order to present a comprehensive review of the various mechanisms controlling clutch size in birds, many different taxa must be discussed. Taxa in which the sensory control of clutch size shows convergent features are grouped. New World vultures (Cathartinae), petrels (Procellariidae), auks (Alcinae), and pigeons (Columbidae), which do not respond to egg removal by modifying their clutch size, are considered first. Penguins (Spheniscidae), as mentioned earlier, present some characteristics of both determinate and indeterminate layers. Some species of woodpeckers (Picidae), parrots (Psittacidae), cranes (Gruidae), plovers (Charadriidae), gulls (Laridae), starlings (Sturnidae), tits (Paridae), swallows (Hirundinidae), sparrows and estrildine finches (Passeridae) on the one hand, and birds of prey (Accipitridae, Falconidae) and grebes (Podicipedidae) on the other, are capable of increasing their clutch size in response to egg removal, but since they differ with regard to the female's contact with eggs, they are examined separately. Finally, I successively consider parasitic cuckoos (Cuculidae), parasitic cowbirds (Icterini), and megapodes (Megapodiidae), where stimulation from contact between the female and eggs is irrelevant. The taxonomic classification follows Sibley and Monroe (1990 The response to egg removal uncovered in some raptors and grebes contrasts with findings described above for other taxa. It does not of course imply that raptors can count (i.e., make an inward marking of eggs laid and cease to lay when the required number is reached, independently of all extrinsic cues). In both categories of indeterminate layers, cessation of laying is a matter of (tactile) stimulation from the eggs, the threshold being different in various species. Among raptors, this threshold can also vary within species. According to data collected in Common Kestrels by Beukeboom et al. (1988) , whereas some early breeders needed more than three eggs to trigger the cessation of laying, some late breeders stopped laying with no more than two eggs in the nest. Although a greater stimulation is required for kestrels nesting early in the season, thresholds of individual females appear fairly constant. It is conceivable that the time spent on a reduced clutch may advance the decision to terminate laying but, if so, it seems to have only a very limited effect. In American Kestrels, both females left with no egg in the nest and females left with one egg in the nest lay the same sized clutches (t6 = 0.123, P > 0.05). Similarly, the time spent laying was on average 39 days for females that always had their nest emptied and 36 days for females that were always left with a single egg in the nest (t6 = 0.209, P > 0.05) (data from Porter, 1975 ).
Control of Clutch Size in Parasitic Bird Species
In parasitic cuckoos and cowbirds, the female lays her eggs in different host nests, typically a single egg per nest, during the host egg-laying period (Friedmann, 1963; Wyllie, 1981) . Could the contact between the female and her eggs play a role in the control of clutch size? Cuckoos are known to spend a very short time on hosts' nests in order to lay their eggs, presumably so as to limit the risk of host desertion (Wyllie, 1981) . In the Common Cuckoo (Cuculus canorus), the female spends on average less than ten seconds at the host's nest to lay her egg (Chance, 1922 (Chance, , 1940 Seel, 1973; Wyllie, 1981) . Captive Great Spotted Cuckoos (Clamatorglandarius) were provided with a magpie's nest with eggs, and hence the opportunity for the birds to increase their contact with eggs. Despite the absence of hosts, the laying females kept time at the nest to a minimum (von Frisch, 1969). Like cuckoos, the visit by cowbirds to a host nest in order to lay an egg is extremely brief, less than 40 seconds (Nolan, 1978: 371) . Parasitic cowbirds, and presumably parasitic cuckoos too, are among the few bird species that do not develop a brood patch (Selander, 1960 The first two categories of indeterminate layers may be subdivided. Among tactile indeterminate layers, some species can be induced by egg removal to lay significantly more eggs than their usual clutch size, despite having their brood patch in contact with (at least) one egg over the whole laying period; such species are classified as type M (Multiple eggs). In such species, tactile contact with several eggs may be needed to trigger cessation of laying. Conversely, if the nest must be left empty shortly after each egg is laid in order to stimulate the females to extend the laying period, the tactile indeterminate layer is considered as being of the type S (Single egg). Among indeterminate layers of both types, the disruption of ovarian follicular growth occurs during a restricted period of time during laying. The timing of this event varies among species (Table 1) and may also vary within species according to clutch size (Haywood, 1993). Consequently, in some layers of type S it may not be necessary to leave the nest empty right from the beginning of egg laying. Among species using visual cues, such as parasitic cuckoos and cowbirds, it is probable that the lack of suitable host nests is responsible either for stopping the production of large yolky follicles (cuckoos) or for preventing follicles reaching that, stage from growing to completion (cowbirds). Visual indeterminate layers that have to resume the production of large yolky follicles are classified as type D (Discontinuous production of large yolky follicles), whereas species continously producing such follicles are classified as type C (Continuous production of large yolky follicles). The proposed classification of species according to their degree of indeterminacy is summarized in Table 2 .
To date there is no evidence in any species using extrinsic factors that the timing of disruption of ovarian follicular growth could occur after the last egg is laid. This could arise in species where laying intervals are markedly longer than passage time of eggs through the oviduct. Too little is known about this phenomenon, however, for us to assume that indeterminate species laying two-egg clutches necessarily trigger follicular disruption between the laying of the first and second egg, especially in large raptors. Egg removal leaving one egg in the nest should therefore be carried out on some of these species.
The list presented in the Appendix is a critical review based on the experimental details given by authors and not on their interpretation related to their understanding of the concept of determinate or indeterminate layers, nor on the interpretations of those who have previously reviewed and classified some species (0. Klomp, 1970; Kennedy, 1991) . This list relies almost exclusively on egg removal experiments. Egg addition experiments constitute an alternative method for investigating the control of clutch size; it is, however, less practical (eggs should often be added before the first egg is laid) and does not give more information for classifying control mechanisms than that already provided by egg removal experiments (Haywood, in press). Ac- Table 3 with the clutch sizes most commonly laid by the species considered. According to this sample of species classified with certainty (data from the Appendix), tactile indeterminate laying of type S is the most common mechanism in birds (35 % of species), followed by determinate laying (33%), and tactile indeterminate laying of type M (16%); these proportions might change significantly when more species, in particular tropical ones, are investigated. No species laying single-egg clutches has been found to be anything other than a determinate layer. Although species laying small clutches tend to be determinate layers and those laying larger clutches tend to be indeterminate layers, there is no clear pattern. This suggests that physiological differences in the determination of clutch size are only superficially related to the size of the clutch. If such physiological differences were solely dictated by the size of the clutch, why do some indeterminate species lay two-egg clutches as a rule (e.g., Great Skua, Catharacta skua), whereas some determinate species regularly lay three-egg clutches (e.g. What causes prolactin levels to rise at the end of laying and at the onset of incubation is not fully understood. In the Mallard (Anas platyrhynchos), the rise in plasma prolactin concentrations is partly linked to the tactile information gained by contact with the growing number of eggs in the nest, since local anesthesia or denervation of the brood patch caused significant decreases in prolactin plasma concentrations (Hall, 1987 , 1987) . In determinate layers such as albatrosses, Diomedea sp., plasma prolactin concentrations rise during the prelaying period despite the lack of the stimulus of the egg on the brood patch (Hector and Goldsmith, 1985). Moreover in another determinate layer, the Ring Dove, prolactin levels begin to rise about seven days after the second and last egg is laid (Ramsey et al., 1985) (incubation behavior starts nonetheless during the interval between the laying of the first and second egg), which means that, at least in this species, the control of clutch size and hence the determination of the number of large yolky follicles produced cannot be related to the release of prolactin associated with incubation behavior.
Another endocrine process could be responsible for the cessation of laying in birds. The growth and maintenance of the hierarchy of ovarian follicles depends on the secretion of follicle stimulating hormone (FSH) and luteinizing hormone (LH) by the anterior pituitary gland. The neuroendocrine regulation of gonadotrophin secretion is in turn controlled by the release of the neuropeptide, gonadotrophin releasing hormone (GnRH-I), produced in neurones in the hypothalamus (Sharp et al., 1990 ). An inhibition of GnRH-I secretion induced by stimuli originating externally (e.g., contact with eggs) or internally (determinate layer) might depress gonadotrophin secretion and hence disrupt the production of large yolky follicles. This hypothesis is relevant to determinate, semideterminate and indeterminate layers. In effect, whatever the mode of clutch-size control, small yolky follicles are always present with large yolky follicles (see above), which suggests that the endocrine process that allows a single follicle to emerge as a large yolky follicle from a cohort of small yolky follicles is widespread in birds.
In some species, the prolactin release hypothesis (which might involve a direct effect on ovarian follicles, an inhibition of GnRH/ gonadotrophin secretions, or both) and the gonadotrophin inhibition hypothesis might apply simultaneously. In effect, according to Clarke et al. (1987) , the control of prolactin and gonadotrophin secretion is closely linked because a common precursor molecule causes GnRH and an inhibitor of prolactin release (GAP) to be released together. Thus a decrease in GnRH release resulting in a decrease in plasma gonadotrophins should be associated with a decrease in GAP release and a consequent increase in plasma prolactin. Lea and Sharp (1989) have shown, nonetheless, that changes in plasma LH concentration (in breeding Ring Doves) do not always exhibit a close, inverse relationship with levels of plasma prolactin.
Evolutionary Considerations
From the comparative approach used here, a clearer picture has emerged of the diversity of responses developed by birds to control clutch size. The most extreme examples of adaptations of the control of clutch size to ecological conditions are provided by megapodes and parasitic species. Most bird species are, however, either determinate or tactile indeterminate layers (Table 3) . Why some species have evolved one mechanism and not the other is still a matter of debate. Authors who carried out egg removal or addition experiments have sometimes speculated about the selective advantages of indeterminate laying. It has been suggested that it would help limit the impact of egg loss on breeding success by replacing eggs that have disappeared early during the laying period (Rinkel, 1940; Gwynn, 1953; Kendeigh et al., 1956 ). It is known, for instance, that Great Tits (Parus major) and Blue Tits, which had the first few eggs of their clutch removed by predators, may carry on laying in a nest box close by and end up eventually with a normal clutch size (C. M. Perrins, pers. commun.). No study has been carried out, however, to determine whether egg loss, during the period where eggs could effectively be replaced as a result of continous laying, is important enough to have a significant effect on reproductive success. Considering the restricted period during which many species can respond in an indeterminate manner (Table 1) , it seems unlikely that this egg-replacement hypothesis could provide an appropriate explanation for the evolution of indeterminate layers as a whole, in view of the scope and complexity of the phenonemon in birds.
Other hypotheses have recently been developed (Power et al., 1989; Kennedy, 1991) . Intraspecific egg parasitism is known to occur, generally at low frequencies, in both indeterminate and determinate layers (see Kennedy, 1991). Because incubating and raising an enlarged brood due to parasitism can affect the number of offspring recruited into the population, Power et al. (1989) suggested that host species could benefit from being either a determinate layer, because clutch size could be reduced through natural selection in order to leave space for intraspecific egg parasitism, or an indeterminate layer, because hosts would react to egg addition and reduce their own clutch size. Alternatively, indeterminate layers could deal with eggs laid by brood parasites by removing some eggs from their nest, and extend their laying period (Kennedy, 1991). Although these hypotheses have so far not been properly tested, the occurrence of intraspecific egg parasitism in birds is such that it is unlikely to provide a general explanation for the evolution of the control of clutch size.
Here I propose that the evolution of determinate and indeterminate laying is related to food availability (or reserves available) at the time of egg formation. and variability of the best time for raising young. Species classified as indeterminate layers have evolved a mechanism that amplifies the range of variation in clutch size and delays the determination of clutch size until after laying has started, so that, despite changing breeding conditions with the advancement of the season or nesting territory, the most productive clutch size can still be laid. In such species, environmental factors can be used to adjust clutch size to food conditions likely to prevail when chicks are in the nest (Haywood, 1993). Environments showing little changes in breeding conditions throughout the season or in successive years favor the alternative solution, developed by determinate layers, where a single, most productive clutch size is laid, often with remarkable consistency. In the latter group, food availability is less of a constraint because females grow only the large yolky follicles that produce an egg. Moreover, the duration of the period of egg formation can be increased, on an evolutionary scale, as long as breeding conditions can be reliably anticipated.
The evolution of the control of clutch size is somewhat more complicated than this last hypothesis might suggest, because species may have to face selective pressures acting in favor of a diversification of clutch size and, later on, selective pressures acting in the opposite direction, or vice versa. An example of the importance of phylogenetic background in the evolution of the control of clutch size is given by gulls. Several species of gulls have been shown to be tactile indeterminate layers (Paludan, 1951; Weidmann, 1956; Parsons, 1976) . This implies that, in the past, ecological conditions were such that ancestral forms laid their eggs in an indeterminate manner. Today, however, selective pressures act to favor a single clutch size. Herring Gulls lay on average 2.9 eggs; 91 % are from three-egg clutches (Drent, 1970). For comparison, Eleonora's Falcons (Falco eleonorae) also lay on average 2.9 eggs, but only 69% are from three-egg clutches (Cramp and Simmons, 1980). In Herring Gulls, both sexes invariably develop three discrete brood patches (Drent, 1970) and Baerends et al. (1970) have shown that the incubating behavior of the bird is altered when the number of eggs in the nest deviates from three; the more the number deviates, the greater the alteration in behavior. As a consequence, the hatching success is reduced (Paynter, 1949; Harris, 1964 ) and the rate of predation is significantly higher for single-egg, two-egg, and four-egg clutches (Paynter, 1949; Baerends et al., 1970) . Ironically, in this taxon, where selective pressures on clutch-size variation are at present of the VOLUME 68 "determinate" type, the determination of clutch size is achieved through the tactile stimulation received from the clutch (Paludan, 1951; Parsons, 1976 
